Cleft palate is a common birth defect in humans and is a common phenotype associated with syndromic mutations in fibroblast growth factor receptor 2 (Fgfr2). Cleft palate occurred in nearly all mice homozygous for the Crouzon syndrome mutation C342Y in the mesenchymal splice form of Fgfr2. Mutant embryos showed delayed palate elevation, stage-specific biphasic changes in palate mesenchymal proliferation, and reduced levels of mesenchymal glycosaminoglycans (GAGs). Reduced levels of feedback regulators of FGF signaling suggest that this gain-of-function mutation in FGFR2 ultimately resembles loss of FGF function in palate mesenchyme. Knowledge of how mesenchymal FGF signaling regulates palatal shelf development may ultimately lead to pharmacological approaches to reduce cleft palate incidence in genetically predisposed humans.
C raniosynostosis syndromes, as well as syndromic and nonsyndromic cleft palate, have been associated with fibroblast growth factor receptor (FGFR) mutations. Of the four highly conserved FGFRs, FGFR2 is the most commonly mutated FGF receptor (1-4). The FGF-FGFR family is involved in multiple intracellular signaling mechanisms in embryonic development, cell growth, wound healing, and tumorigenesis. The FGFRs are receptor tyrosine kinases that signal via a ternary complex of FGFR, FGF, and glycosaminoglycans (GAGs) (5) . The ternary complex formation leads to receptor dimerization, autophosphorylation, and activation of downstream signaling cascades (6) .
FGF-FGFR signaling is active during palatogenesis, and genetic FGF mutations may contribute to 5% of cases of nonsyndromic cleft lip and palate (7) . In children with isolated cleft palate, mutations in Fgfr1, Fgfr2, Fgfr3, and Fgf8 have been identified. Additionally, single nucleotide polymorphisms in children with nonsyndromic cleft lip and palate are associated with Fgf3, Fgf7, Fgf10, Fgf18, and Fgfr1, providing confirmation of the importance of the FGF-FGFR system in palate development (7) . Knockout mouse models for Fgf10 and Fgfr2b develop cleft palate (8, 9) , establishing the necessity of epithelial FGF signaling in normal palatogenesis. Cleft palate in Fgf18 −/− mice (10) suggests that mesenchymal FGF signaling may also be important for palate development.
Cleft palate has been associated with both gain-of-function and loss-of-function FGFR mutations (7, (11) (12) (13) (14) (15) . Why gain-of-function or loss-of-function mutations result in the same palatal phenotype remains unclear, and understanding this phenomenon may provide additional insight into the pathogenesis of cleft palate. To address this question, we have focused on Crouzon syndrome (CS), a disorder resulting from a missense Fgfr2 mutation that displays an increased incidence of cleft palate in humans (14) .
CS occurs with an incidence of 12.5 per million births and results from genetic gain-of-function mutations in Fgfr2 (1). Craniofacial anomalies are its hallmark feature, including craniosynostosis, midface hypoplasia, proptosis, and oral anomalies such as an increased incidence of cleft palate, class III malocclusion, and a constricted dental arch. A narrow, high-arched palate is most commonly seen. Over 30 different FGFR2 mutations may result in CS, most of which localize to the FGFR2c isoform (16, 17) , and therefore are mesenchymally expressed. All patients with CS are heterozygous for the mutation; homozygous mutations are presumed to be lethal.
A murine model of CS has been constructed using the most commonly observed mutation in human patients: a missense mutation of cysteine 342 (TGC→TAC) in exon 9 of the Fgfr2 gene (Fgfr2 C342Y ) (18) . This missense mutation results in unpaired cysteine residues, which cause FGFR2 dimerization via formation of intermolecular disulfide bonds, resulting in ligandindependent activation. The spectrum of palatal phenotypes in the mouse model closely parallels that of human patients with CS (19) . In addition, the murine model allows evaluation of homozygous (Fgfr2
C342Y/C342Y
) embryos, which have a high incidence of cleft palate, and thus provides an excellent model for the investigation of palate development.
Murine palatogenesis closely resembles that of humans, consisting of well-delineated stages of palatal shelf outgrowth, elevation, and fusion between embryonic days (E) 13.5-15.5. Abnormalities in any of these events may result in cleft palate. In this study, we show that the C342Y substitution in Fgfr2 results in altered signaling, abnormal cellular proliferation, and altered production of the components of the extracellular matrix. We propose that these defects reduce palatal shelf elongation and delay palatal shelf elevation, the combination of which results in cleft palate.
Results
Fgfr2 Is Expressed in the Posterior Palate of Wild-Type Mice. During mammalian development, palatal shelves extend along the lateral walls of the developing oropharynx and initially grow vertically on either side of the tongue. In the mouse (and rat), palatal shelves elevate at approximately E14.5 (20, 21) . To determine where altered activity of the C342Y Fgfr2 mutation may regulate palate development, we examined Fgfr2 expression before shelf elevation. At E13.5 ( Fig. S1 ) and pre-elevation E14.5 ( Fig. 1) , Fgfr2 expression was strongest in the posterior palatal shelf mesenchyme with strong focal expression on the superior nasal half of the shelf (Fig. 1B′) . Little expression was observed in the anterior, middle, and soft palate regions ( Fig. 1 D′, C′ , and A′, respectively). We therefore focused on the posterior palate in comparisons of CS and WT mice.
Palatal Shelf Morphogenesis Is Altered in CS Embryos. Normal palate development consists of three well-delineated stages: vertical palatal shelf outgrowth from the maxillary prominences beginning at E12.5 and continuing through E13.5; palatal shelf elevation, or reorientation, to a horizontal position above the tongue at E14.5; and dissolution of the medial epithelial seam and fusion of the palatal shelves by E15. 5 (Fig. 2) . E14.5 embryos, even from the same litter, displayed a variety of shelf morphologies that ranged from vertically oriented (Fig. 2B) C342Y/C342Y mice demonstrated significantly increased mesenchymal cellular proliferation at E13.5 in the oral half of the shelf (regions III and IV; Fig. 3 B-D) . By E14.5, however, proliferation was significantly decreased throughout shelf mesenchyme (Fig. 3E ). There were no differences in mesenchymal proliferation rates among genotypes at E15.5.
To determine whether rates of cell death were affected by the CS mutation, TUNEL assays were carried out on E13.5 and E14.5 tissues. Low levels of apoptosis were noted in the mesenchyme and epithelium of all three genotypes at both time points. No differences in rates of cell death were noted among genotypes at E13.5 or E14.5 ( Fig. S2 ).
Delayed Palatal Shelf Elevation: Altered GAG Levels in the Fgfr2
C342Y/C342Y
and Fgfr2 C342Y/+ Palate. We assessed differences in GAG content within the palate, because GAG accumulation and hydration have been hypothesized to regulate elevation. Palate GAG quantification by high-performance liquid chromatography (HPLC) (22) showed an increase in total GAG content, standardized to glycine, in the whole palate of all genotypes just before shelf elevation compared with pre-and postelevation time points (Fig. 4A ).
Fgfr2
C342Y/C342Y embryos displayed decreased (P < 0.02) total GAG in the whole palate at E14.25 ( Fig. 4A ), and this finding was consistent within both the anterior (P < 0.05) and posterior (P < 0.02) palate before elevation (Fig. 4B) . Consistent with the regional GAG HPLC analysis, Alcian blue staining, used to qualitatively assess total GAG levels in histologic sections, showed decreased staining in posterior palatal mesenchyme of Fgfr2 C342Y/C342Y embryos compared with WT and Fgfr2 C342Y/+ littermates just before shelf elevation (early E14.5; Fig. 4 C-E).
In addition to decreased GAG quantities, HPLC data also showed altered GAG composition in the CS palates. Compared with WT, palates from Fgfr2 C342Y/C342Y embryos contained significantly (P < 0.05) decreased amounts of galactosamine (GalN) in both the anterior and posterior regions of the palate at E14.25 ( Fig. 4F) . Examination of the entire palatal shelf at E14.5 showed an increased ratio of galactosamine to glucosamine (GlcN) in the CS palates compared with WT (P < 0.03; Fig. 4G ). A statistically significant (P < 0.01 for all genotypes) decrease in the ratio of galactosamine to glucosamine was apparent at E14.25 compared with E13.5, and to E14.5 for all genotypes as well (Fig. 4G ). There were no differences in GAG quantity or content among genotypes earlier in development (E13.5) using either Alcian blue staining or HPLC; all differences in GAGs occurred near the time of palatal shelf elevation.
To test if hyaluronic acid (HA) biosynthetic enzyme expression is altered, quantitative RT-PCR was used to assess hyaluronic acid synthase 2 (Has2) expression. At E13.5, there were no differences in Has2 expression between Fgfr2 C342Y/C342Y embryos and WT (Fig. 4H) . However, at E14.25, just before normal palate elevation, Has2 expression was significantly (P < 0.05) down-regulated in the posterior palate of Fgfr2 , and Fgfr2 C342Y/C342Y ) were capable of fusion in vitro in two separate experiments (Fig. S3) .
Manipulation of FGF Signaling Affects in Vitro WT Palatal Shelf
Development. To better understand the FGF-FGFR signaling trend responsible for altered palate development in CS, we assessed the effects of FGF gain-of-function and loss-of-function signaling on normal palate development in vitro (Fig. 5A ). E12.5 whole maxilla, including the early palatal shelves, were grown in organotypic culture for 72 h in the presence of FGF2, FGF18, or the FGFR tyrosine kinase inhibitor PD173074. Untreated and control WT palates showed normal elevation and fusion in vitro (24 of 24). Augmentation of FGF-FGFR signaling with FGF2 (1 μg/mL) resulted in cleft palate in 9 of 10 WT samples performed in four different experiments. Similarly, FGF18 (1 μg/mL) supplementation resulted in clefts in 6 of 6 WT palates over three different experiments. Interestingly, inhibition of the FGF-FGFR signaling pathway with PD173074 in WT palates also resulted in a 100% incidence (12 of 12) of clefting (Fig. 5A) . (E13.5), just before shelf elevation (E14.25) and after elevation (E15.5). Expression of the Fgfr2c isoform showed a significant (P < 0.02) 2-fold increase in the Fgfr2 C342Y/C342Y palates at E15.5 but no differences in expression at earlier time points (Fig. 5B) . No differences in expression of the FGF ligands Fgf9, Fgf10, or Fgf18; the FGF pathway antagonist Dusp6; or the FGFR/MAPK adaptor Frs2 were noted throughout palate development. Examination of FGF-responsive transcription factors Pea3 and Erm showed a trend (P = 0.06) toward increased Pea3 expression in Fgfr2 C342Y/C342Y palate at E13.5 and no differences in Erm expression throughout palate development. Barx1 is an FGFregulated homeobox transcription factor expressed in craniofacial structures, including palate mesenchyme (23) . Just before the time of palatal shelf elevation, Barx1 expression was significantly increased by greater than 2.5-fold (P < 0.05; Fig. 5C ) in Fgfr2 C342Y/C342Y palates. Sprouty (Spry) 2 and 4 are negative regulators of FGF signaling. Spry2, which is expressed in palate epithelium, showed a trend toward decreased expression throughout palate development (significant at E15.5; P < 0.04; Fig. 5D ) and Spry4, which is expressed in palate mesenchyme, showed significantly decreased expression at all three time points (P < 0.01 for E13.5 and E14.25, P < 0.03 for E15.5; Fig. 5E ).
Discussion
Defects in any of the stages that define normal palatogenesis may result in cleft palate. Examination of each of these developmental stages in CS mice showed abnormalities in palatal shelf outgrowth and elevation, but no defects in fusion. Examination of Fgfr2 expression localized the highest levels of expression to the posterior portions of the WT palatal shelf. Because the C342Y mutation in Fgfr2 is localized in the mesenchymal "c" splice form of Fgfr2, we focused our analysis on the posterior palate mesenchyme. Cellular proliferation in the posterior palate was initially increased in the oral half of the palatal shelf in the CS mice in a genetic dose-dependent fashion, whereas proliferation was decreased in the CS palate throughout the mesenchyme at E14.5. As signaling through FGFR2 is integral to cellular proliferation (24) , these data suggest temporal alterations in levels of Fgfr2 signaling. Despite the genetic gain-offunction Fgfr2 mutation, the resulting effects on proliferation are not directly coupled to receptor activation. Multiple downstream mediators of FGF signaling may be activated or inhibited and may feedback to modulate overall activity. Importantly, proliferation is diminished in the CS palate just before shelf elevation. The overall consequence of expression of the mutant Fgfr2 is decreased growth, which results in palatal shelves that are both narrower and incapable of contacting one another after shelf elevation is complete, resulting in a palatal cleft.
Increased total GAG quantities were noted in the whole palates of all three genotypes just before the timing of normal palatal shelf elevation. This finding supports the concept that GAGs are integral to the elevation process. The initial hypothesis that hydration of GAGs produces expansion of the extracellular matrix (ECM), and therefore provides an intrinsic force within the palatal shelf tissue that allows palatal shelf elevation to occur, was postulated by Lazzaro in 1940 (25) and others (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . During palatogenesis, hyaluronic acid and sulfated GAGs are present (26, 33) . HA is one GAG component and makes up 60-65% of the ECM in the murine palate around the time of palatal shelf reorientation (26, 31) . Levels of HA are elevated before shelf reorientation, and then decrease once elevation is complete (34, 35) . Our data showing increased GAGs before shelf reorientation support those of Pratt et al. (26), who demonstrated HA synthesis in the 24 h before shelf closure. Experimental models have also shown suppressed GAG synthesis in teratogen-induced cleft palate (35, 36) . Our data and previous models together support the necessity of GAG accumulation before palatal shelf reorientation.
The Fgfr2 C342Y/C342Y mouse displayed a 24-h delay in palatal shelf elevation. Interestingly, administration of chlorcyclizine, a substance that enhances HA and chondroitin sulfate degradation without affecting GAG synthesis (27) , to pregnant WT mice resulted in a 100% incidence of cleft palate in the offspring. The palates of these treated embryos demonstrated a 24-h delay in shelf size and shape in the palate (29) . Similarly, delayed palatal shelf reorientation and decreased GAG synthesis were noted in the hamster after cleft palate induction with cyclophosphamide (36) . The delay in palatal shelf elevation seen in the CS mouse is consistent with other experimental models that have shown decreased GAG accumulation.
Fgfr2 is localized to the posterior palate in regions shown to contain the greatest amounts of HA, a component integral to shelf elevation (28) . Consistent with a role for mutant FGFR2 affecting palate development through regulation of GAG content, decreased GAG quantities were noted in the posterior CS palates compared with WT. FGF2 has been shown to modulate expression of GAGs and proteoglycans. In vitro treatment of human periodontal ligament cells with FGF2 resulted in increased heparin sulfate in the supernatant, and may also stimulate HAS1 and HAS2 (37) . Has2 is one of three genes encoding HA synthesis and is present during palatogenesis (38) . Decreased Has2 expression in the posterior CS palate may have a role in decreased HA accumulation and, interestingly, may also have a role in cellular proliferation as intracellular HA has been suggested as a regulator of proliferation (39) . Taken together, decreased Has2 expression and decreased GAG quantities may result in a deficiency of GAG accumulation, which may result in posterior palate increases greater than 2.5-fold (a, P < 0.05) at E14.25 (n = 7 or more). (D) Expression of Spry2 is decreased in Fgfr2 C342Y/C342Y mouse compared with WT at E15.5 (a, P < 0.04, n = 4 or more). (E) Expression of Spry4 is decreased throughout palate development (a, P < 0.01; b, P < 0.01; c, P < 0.03; n = 4 or more). Black bars, WT; white bars, Fgfr2 C342Y/C342Y
. reduced hydrostatic forces necessary for palatal shelf reorientation, resulting in delayed or even absent shelf elevation.
GAGs are divided into galactosamine (GalN)-containing GAGs and glucosamine (GlcN)-containing GAGs. GalN-containing GAGs include chondroitin sulfate and dermatan sulfate. Chondroitin sulfate proteoglycans interact with HA in assembling the ECM. GlcN-containing GAGs, on the other hand, include heparan sulfate, heparin, keratan sulfate, and HA. All genotypes displayed a significant decrease in the ratio of percentage GalN to GlcN content just before shelf elevation compared with pre-elevation and post-elevation time points, which may indicate decreased GalNcontaining GAG biosynthesis/degradation and increased GlcNcontaining GAG biosynthesis before shelf elevation. CS mice displayed significantly decreased percentages of GalN compared with WT in the posterior palate at E14.25, consistent with less overall GAG content. Examination of the palates at a slightly later time point showed increased amounts of galactosamine in the whole palate at the time of normal palate shelf elevation. This same pattern of increased galactosamine was noted by Bosi et al. (40) in fibroblasts from human patients with nonsyndromic cleft palate. This group also noted that treatment of normal fibroblasts with a teratogen that induces cleft palate, diphenylhydantoin, resulted in reduced GAG synthesis. In addition, similar patterns of decreased GAG and increased GalN were noted in calvarial fibroblasts in human patients with CS (41, 42) . Our data fit not only with those of similar disease phenotypes, but also suggest possible similarities in the etiopathology of CS in different organ systems. In the palate, these abnormalities in GAG quantity and composition likely contribute to the delay in palatal elevation noted in the CS mouse, which is one of the key components of the cleft palate phenotype. The delay in shelf reorientation causes a loss of a critical developmental window in which shelf elevation allows for shelf fusion to occur normally.
The CS mouse displays abnormal cellular proliferation and ECM quantities and composition in the palate. These abnormalities affect two developmental stages, palatal shelf outgrowth and elevation, which may combine for a synergistic effect of altered palatal shelf volume. Adequate palatal shelf volume has been hypothesized as a mandatory prerequisite to enable shelf reorientation, or elevation, to occur. Shelf volume may be gained via three mechanisms: cellular proliferation (43, 44) , cellular hypertrophy, or ECM accumulation and hydration (32, 34) . In the CS mouse, decreased cellular proliferation and decreased ECM accumulation near the time of elevation may contribute to the delayed shelf reorientation phenomenon. The timing of these abnormalities provides a mechanistic clue; both abnormalities occur at or near the timing of palatal shelf elevation (there were no alterations in GAGs noted at earlier or later time points). The delay in shelf elevation is likely the key component of the cleft palate phenotype displayed in this model.
Although palatal shelf outgrowth and elevation are disrupted in the CS mouse model, the final phase of palatogenesis, palatal fusion, when isolated, remains intact. Palatal fusion involves the contact and then dissolution of the medial edge epithelium (MEE) of the opposing palatal shelves. This process is mediated by transforming growth factor beta (TGFβ) signaling (reviewed in ref. 45) . Our data support the concept that the CS Fgfr2 mutation does not affect the TGFβ-mediated fusion process.
One of the most interesting and confounding findings of this work is that both augmentation and inhibition of FGF-FGFR signaling in vitro resulted in an identical phenotype, a cleft palate. These findings, perhaps more than any other data, support our hypothesis that the gain-of-function genetic mutation in CS may indeed result in a loss-of-function phenotype. Interestingly, in vivo evidence for this observation exists as well. Mice with a deletion encompassing Sprouty2 (Spry2), an antagonist of FGF signaling, exhibit cleft palate (46) . In addition, conditional knockout of Fgfr1 and Fgfr2 in palate mesenchyme results in cleft palate with 100% penetrance (Fig. S4) . Clearly, the mechanistic explanation for this syndrome is not simple.
To better understand the signaling mechanisms responsible for the cleft palate phenotype in CS, qRT-PCR studies were completed on several genes of interest. FGF ligand (Fgf9, Fgf10, and Fgf18) and Fgfr2 expression showed no differences between the CS and WT genotypes throughout palate development, suggesting that feedback mechanisms resulting from constitutive activation of FGFR2 do not affect expression of FGF ligands known to function in palate development or FGFR2 itself. It is possible that the gainof-function mutation in FGFR2 results in an initial increase in FGF-FGFR2 signaling that eventually reaches a threshold, and then becomes down-regulated. This could occur through complex interactions of downstream signaling cascades and feedback loops. Barx1 expression was increased in the posterior palates of the homozygous CS mice compared with WT at the time just before palatal shelf elevation, and both Spry2 and Spry4 expression were decreased during the time of palate development. These findings fit with the hypothesis of dynamic FGFR2 signaling levels. As FGF signaling regulates Spry gene expression, decreased Spry expression levels would indicate decreased FGFR2 signaling. Our findings of increased Barx1 expression in association with decreased Spry2 fit with those of Welsh et al. (46) in their construction of a mouse with a deletion encompassing Spry2. These mice exhibited cleft palate, and, in the absence of Spry2, the palatal mesenchyme displayed expanded and ectopic Barx1 expression. It is important to note, however, that decreased Spry2 expression resulting from an Fgfr2 mutation suggests a pathway in which Spry is downstream of FGFR signaling, whereas a genetic deletion of Spry2 itself is obviously a separate inciting event and may not be directly linked to FGFR signaling. The correlation of these studies, however, provides information about related signaling pathways and the idea that altered FGFR signaling results in cleft palate.
These studies suggest that a genetic gain-of-function Fgfr2 mutation may result in a loss-of-function phenotype; however, the underlying mechanism may be complex. The gain-of-function mutation does not simply translate to a gain-of-function phenotype; negative regulation of FGFR signaling can occur following hyperactivation of FGFR2 during palate development. We conclude that abnormal signaling resulting from the C342Y mutation in Fgfr2 is a critical regulator of cellular growth and production of components of the extracellular matrix (GAG quantities and composition) during palate development. These defects foster abnormal palatal shelf outgrowth and elevation, resulting in cleft palate, and it is these developmental processes that should be targeted for future prevention strategies and pharmacologic interventions.
Materials and Methods

Fgfr2
C342Y/+ mice were maintained on a CD1 genetic background and intercrossed to generate litters with wild-type (WT), Fgfr2 embryos. Analysis of cell proliferation, cell death, GAG content, qRT-PCR, and palate cultures are described in detail in SI Materials and Methods.
